Abstract-A method is presented for autonomous kinematic calibration of the RSI 6-DOF hand controller, a two-loop parallel mechanism comprised of three 6-DOF arms with potentiometers on the first three joints of each arm. This double closed-loop kinematic calibration method is an adaptation of a previously developed single closed-loop method. The kinematic parameters identified are the joint angle offsets and the joint angle gains. Experimental results are presented and compared to results using a special calibration fixture.
I. INTRODUCTION ECENTLY, it has been shown that single-loop closed
R chains can be kinematically calibrated using joint angle readings alone [3] . The closed chain must be mobile, and no more than five of the joints may be unsensed in the general case. By placement of the closed chain into a number of configurations, consistency conditions permit the kinematic parameters to be extracted. In this paper, the closed-loop method is extended to a multiple loop mechanism, the RSI 6-DOF hand controller.
Applications of the closed-loop method are beginning to appear. For single loops, in [2] experimental results were presented for closed-loop calibration of the Utah/MIT Dextrous Hand. In [15] , a line constraint was defined by a laser, which was tracked using an endpoint retroreflector on a PUMA 560 and a 4-quadrant detector. In [7] , a fiducial point on the end effector is touched to a fiducial point on the environment in several different poses; this corresponds to the point contact case in [3] . In [13] , a teleoperated excavator with unsensed joints was calibrated by adding an additional linkage (called a calibrator by the authors) with some sensed joints to form a closed loop. In [9] , a ball bar with fixed length and unsensed spherical joints at each end was employed.
In [4] , it was shown that the closed loop did not need to involve physical linkages, but could be formed by optical paths as virtual limbs to a stereo camera system. An uncalibrated stereo camera system could be simultaneously calibrated with an uncalibrated manipulator. Closed-loop calibration of a manipulator with a camera mounted on an end effector was presented in [21] . In [20] it was shown how a 4-beam laser tracking system could be calibrated by a closed loop method. When optical paths are viewed as limbs, the systems in [4], [20] can be regarded as multiple-loop kinematic chains. Boulet [6] applied closed-loop calibration to a mechanical two-loop system formed as a single joint with two antagonistic linear actuators. Wampler and Arai [19] proposed an extension of the single-loop method to arbitrary multiple loops; simulations were presented for a two-loop planar mechanism comprised of three prismatic legs with passive rotary joints at their ends attached to a triangular stage.
In this paper, the closed loop approach is adapted to a double-loop mechanism, the RSI 6-DOF hand controller (Fig. 1) . This hand controller is a positioning master, and involves manipulation of a handle in a range of f 3 in. in X, Y, and Z, and f 3 0° in roll, pitch, and yaw. The handle is attached to a base by three identical 6-DOF arms, each of which is comprised of a rotary shoulder joint, a Hookean elbow joint, and a spherical wrist. There are potentiometers at the shoulder and elbow joint, but the wrist joints are unsensed.
1042-296)3/95$04.00 0 1995 IEEE Given that the specification on accuracy in handle placement is f l % , there is not a requirement to identify kinematic parameters associated with length or with relative orientation of neighboring joint axes. The machining and fabrication processes may be presumed to be precise enough to yield a real mechanism close enough to the design to achieve this level of accuracy. However, because of analog electronics associated with the use of potentiometers, the joint angle offsets and joint angle gains need to be calibrated initially and then periodically recalibrated over time.
A special calibration fixture was devised for this hand controller. In order to use this fixture, the handle is removed from the arms and the fixture is inserted in its place (Fig. 2) . This fixture is then moved to 12 mechanically predetermined poses.
With this fixture, it is not practical to recalibrate the hand controller in the field. It would be desirable to have an automatic calibration method that does not require a fixture, such as the single closed-loop calibration method [3]. To eliminate the unsensed wrist joints, we use the constraint that the distance between any pair of wrist joints is a known constant. These three pairwise constraints form an adequate basis for autonomous calibration of the desired kinematic parameters of the RSI hand controller, i.e., the joint angle offsets and the joint angle gains. A requirement of this method is that the nominal parameters are within 10% of the actual parameters. Hence this method is well suited towards recalibration, because it may be presumed that the parameter drift over time is slow.
The 10% accuracy requirement for the nominal parameters is due to a problem in identifying the joint angle gains. Previously it was shown that when the closed single-loop calibration method was applied to determine the joint angle gains, there is a strong attraction in the nonlinear optimization stage to a trivial solution of all zero gains [2]. To overcome this problem, one of the gains was presumed known and treated as a constant; calibration could then proceed robustly as before. In practice, it is not feasible to determine or to presume as known one of the gains. Fortunately, we have found in the present approach that there is a small region of attraction to the correct solution, roughly when the nominal values are within
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is the rotation axis embedded in link ij at the distal joint i,j + 1.
is defined along the common normal from zi,j-1 to zij. The common normal's intersection with zij defines the location of joint i, j + 1.
is the distance along zid-1 from xij-1 to xij. is the distance along xij from zi+1 to zij. is the skew angle about xij from zif-1 to zij. is the rotation angle about zi,j-l from xi,j-l to xij . In the rest of the paper, the mechanism's kinematics are first presented and then the double closed-loop method is discussed. Experimental results are shown for this closed-loop method, and are compared to results using the calibration fixture. An initial presentation of this work appeared in [12].
MECHANISM KINEMATICS
A double-subscripted form of the Denavit-Hartenberg (DH) parameters [8] is employed to describe the hand controller's kinematics. The three arms are attached to a top plate at equal spacings of 120" (Fig. 3) around a circle, and are numbered clockwise from 1 to 3 as viewed from above. The DH parameters for arm i are described by subscript ij.
A global base coordinate system numbered 00 is placed in the middle of the top plate, so that ZOO is normal to the top plate and pointing upwards, and xoo is directed towards the arm 1 attachment point. Each arm base axis zio lies in the plane of the top plate, is tangent to the hypothetical circle connecting the arm attachment points, and is counterclockwise in direction as viewed from above. Each xi0 axis also lies in the top plate, and is directed towards the 00 coordinates.
The DH parameters for the global base and the first three DOFs of the arms are presented in Table I . The joint variables for the arms are t9ij for j = 1,2,3, while the parameters BZo express a fixed relation of the arm bases to the global base. For each arm, the first two joints form a planar two-link manipulator, while the third joint forms a Hookean joint with The wrist DOFs are unsensed, and must be eliminated from any calibration equations. In the calibration method described in Section 111, we require only the location of the wrist points and not the wrist angles themselves. Hence we do not develop DH parameters for the wrist DOFs. Each wrist point is located by the axis xi3, and is a distance l3 = 3.971 from the elbow point. We will also use the notation 11 = ai0 and 12 = ail.
The wrists of the three arms are attached to the top plane of a handle, equally spaced at 120' intervals on a circle (Fig. 5) , in a clockwise direction from wrist 1 to wrist 3 as viewed from above. The handle coordinates, subscripted H , are placed at this circle's center such that ZH points upwards and XH is directed towards wrist 1's attachment point (Fig. 5 ). The distance from the center to each wrist point is 14 = 1.5.
A. Forward Kinematics
In forward kinematics, the pose of the handle is found from the joint angles. Although 6 joint angle sensors are the theoretical minimum required to solve the forward kinematics, multiple solutions arise which are unacceptable in practice [17] . Even 8 sensors yield multiple solutions. Hence the current design utilizes 9 sensors in the configuration described above, to yield a unique handle pose given the joint angles.
The position of the handle origin OH relative to the top plate base origin OB (Fig. 6 ) is located by the vector rH (Fig. 5) , and the orientation of the handle axes XH, yH, ZH relative to the base axes XOO, yoo, ZOO is specified by the RPY Euler angles (&,Oy,Oz), where and R, is a rotation about the z axis, etc. Let ri be the position of wrist i. The forward kinematics to find ri are straightforward through the use of the DH homogeneous transformations Aij, which for arm i expresses the transformation from coordinate systems ij to i,j -1. An intermediate result for ria, the vector from coordinate system io to wrist i expressed in the io coordinates, will be useful in the next subsection.
where Ai0 is the transformation from coordinate system io to 00 (see Fig. 3 ). The handle position rH is simply found as
The handle axes are found as and ZH = XH x yH. The RPY Euler angles may be extracted from (1) by standard procedures [ 161.
where 2H(2) is the second component of vector XH, etc., and atan2 is the four-quandrant arctangent function. Fig. 6 Handle coordinates XH, yH, ZH are related to the top plate base coordinates XOO, yoo, zoo.
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B. Inverse Kinematics
Given r H and (e,, O,, O,), the goal is to find the joint angles 0;j. Let qi be a vector from the handle center to wrist point i , expressed in the handle coordinates. Then the wrist points r; are located as where the rotation matrix R is the result of evaluating (1). Then ri0 is found by inverting (2). From (2), This puts Oi3 in quadrants I or IV, in accordance with the We are now left with a planar 2-link manipulator problem. joint limits (Fig. 4) .
The solution for Oi2 is where the result is placed in quadrants I11 or IV (see Fig. 4) . The joint limits shown in Fig. 4 are considerably greater than the normal working range, which is approximately f 0 . 7 radians for joint Biz and -1.0 to -2.2 radians for joint Oi3. Hence the inverse sine and cosine functions are well behaved. Finally,
CLOSED-LOOP CALIBRATION PROCEDURE
As mentioned in the Introduction, the parameters to be calibrated are the joint angle offsets and the joint angle gains k i j , which relate the raw analog input data aij from the potentiometers (0 to 4096 counts) to the joint angles 0;j:
for joints j = 1,2,3 and arms i = 1,2,3. For the closed-loop calibration, the handle is manually moved into a number of poses by the operator, and at each pose the joint angles are read. With this information alone, calibration may proceed because of the basic observation that the displacement around each of the two closed chains must be zero. However, we cannot proceed exactly this way because the wrist joints are unsensed and must not appear in the calibration equations. The simplest way to formulate calibration equations without wrist joints is to note that the distance between any two pairs of wrist points is constrained to be a constant, d = 14& The resulting three constraints for every pairwise combination of wrist points are an adequate basis for calibration.
Suppose that the hand controller is placed into p poses, and let r y be the location of wrist i in pose m. Define the 3p-dimensional error vector f with the following components:
where m = 1 , . . . , p . Then calibration can be performed by solving the following least squares problem:
The solution can be accomplished by the Levenberg-Marquardt algorithm, and is facilitated by providing the 18-by-3p analytic gradient g of f with components for j = 1,2,3, i = 1,2,3, and m = 1,. . . ,3p. The evaluation of the gradient is straightforward and is omitted.
IV. RESULTS
In this section, we present initially the experimental results with the special calibration fixture. Next we discuss a set of simulations that were performed to assess the effects of pose selection and initial parameter error on the convergence of the proposed method. Finally, experimental results for the proposed closed-loop method are presented and compared to those obtained with the fixture.
A. Experimental Results Using the Special Calibration Fixture
During the calibration procedure, the handle is removed and is replaced by a mechanical fixture (Fig. 2) . This fixture has mechanical stops and adjustments, which allow the anns to be positioned corresponding to the 12 precise poses in Table 11 . The sensors used in the RSI Research 6 DOF hand controller are Midori CP-2FB precision potentiometers, which are supplied with regulated f 5 V. Each sensor is sampled by an ADC converter, and 100 samples are averaged. The gains kij and offsets are estimated by least squares estimation using MATLAB performed at the joint angle level. For each for each arm i = 1,2,3.
B. Simulations
As mentioned in the Introduction, closed-loop calibration of the gains poses particular problems because of the strong attraction to the trivial solution lcij = 0. From (lo), it is seen that the potentiometer readings aij are multiplied by zero, and hence the data do not influence the calibration. Instead, the optimization drifts to some solution for the offsets consistent with the kinematics but not particular to any pose. In [2] where closed-loop calibration of the gains was first investigated, a solution to this problem was proposed whereby one of the gains was predetermined to anchor the solution.
For the present problem, we have found through simulation that small attraction regions exist, within roughly 10% of the correct solution for the gains, for calibrating all of the gains without presuming any to be known. To check the convergence region, the nominal joint offsets were assumed correct, while the same perturbations were added to all of the nominal joint gains. This is a more severe test of convergence than if random perturbations had been added.
The attraction region was found to be highly pose dependent. Of course pose sets can be fabricated that do not lead to convergence, if they are not sufficiently exciting. Table 111 , except that z = 0. In practice, it was difficult to maneuver the handle when flush with the top plate, so a value of z = -1.3 was chosen. This value also places the closed-loop poses nearer the jig poses, which allows for a closer comparison. For the pose set in Table 111 , the convergence region was [-1.54,-1.331 x Looking ahead to the results in Table V , the identified gains are dispersed in the region [-1.545,-1.4111 x so convergence was not a problem in practice. 
Parameters I I1
I11
The convergence is relatively robust to perturbations in the poses. In simulation, random Gaussian perturbations of poses in Table I11 were performed with standard deviations of 0.25 in. in position and 0.25 rad in orientation. The calibration procedure converged properly under these pose perturbations. A variety of optimization methods were tried without success to extend the convergence regions, and the Levenberg-Marquardt method was retained for the experimental portion. 
C. Experimental Results Using the Closed-Loop Method
The handle of the hand controller was manually placed as close as possible to the desired poses of Table III . This placement was approximate; post hoc analysis using parameter set I shows that the rms errors were 0.215 in. in position and 0.122 rad (7") in orientation. The largest component errors for all poses were 0.571 in. and 0.435 rad (25'). Only two samples of the ADC readings were averaged for each pose, to ensure that the handle did not move noticeably during recording. Least squares optimization was performed to obtain the parameters in Tables IV and V under column II. A better closed-loop estimate was obtained by augmenting this data set with the potentiometer readings obtained previously during open-loop calibration. After performing closed-loop calibration on the ensemble data, the parameters in Tables IV and V under column I11 were obtained.
The accuracy of the parameters in Tables IV and V is determined first relative to the poses and data from the calibration fixture. Using each of the three estimated parameter sets, the potentiometer readings from the jig poses are converted to predicted joint angles and predicted poses by solving the forward kinematics. These are then compared to the theoretical joint angles, found from the jig poses by solving the inverse kinematics, and the jig poses, respectively. The results are shown in Table VI . In column 1 are the rms errors in the joint angles. In columns 2-3 are the rms errors in the individual orientation components and position components. Relative to the hand controller ranges of f30" (0.524 rad) in orientation (column 2) and f 3 in. in position, and a nominal accuracy of f l % , then parameter sets I and I11 meet the accuracy requirements, while parameter set 11 has orientation errors which are too large.
The errors for parameter set I show how well the fixturebased calibration fits its own pose set. Ideally an independent set of poses would be chosen to compare parameters, but such a set of poses was not available. Relative to the presumed correct parameter set I, the rms errors in the closed-loop parameters I1 and I11 are shown in Table VII .
V. DISCUSSION
We have presented an automatic procedure for kinematic calibration of the joint angle offsets and gains of the RSI 6-DOF hand controller. This closed-loop procedure requires only the joint angle sensing, and hence is a viable option for field calibration where endpoint measurement using a special calibration fixture is not feasible. This procedure is an extension of an approach initially formulated for single closed kinematic loops [3] to a double loop mechanism.
An additional development relative to previous work on single closed loops is the discovery that a small attraction region of around 10% exists for convergence of the gains to the correct values. Previously, one of the gains had to be presumed known in order to avoid the trivial solutions lcij = 0 [2]. Hence this closed-loop procedure is best applied when a fairly good nominal parameter set is available, such as in recalibration. Simulations show that convergence is robust to perturbations of the closed-loop poses in Table 111 ; in fact, as mentioned in the Results these poses were only approximately achieved because of manual placement.
Experimental analysis shows that the closed-loop parameter estimates are close to the open-loop parameter estimates (Table VI) , but are somewhat less accurate (Table VI) . More specifically, in terms of the rms errors in Table VU The closed-loop parameters 111, determined from the combined poses, are more accurate than the closed-loop parameters I1 determined from the poses in Table I11 alone. When closedloop calibration was performed on the jig data alone, the parameter estimates (not shown) were over 10 times worse than for parameter set 111. Yet the combined data set gave a more accurate estimate than parameter set II. Thls range of accuracies corresponds to the observability of the poses. Singular values were determined from the Jacobian (13), after applying the model based column scaling in [ 181 to normalize for the effects of parameter errors on wrist positions; the Jacobian was evaluated with parameter set I. Three different measures of observability are shown in Table VIII : the observability index of [5] , the condition number Table ILI were used to generate sensor readings plus noise, using the nominal parameters to model the hand controller. Gaussian random noise with different variances was added to the simulated sensor readings, which were then rounded to the nearest integer to simulate the effect of the ADC's. Sufficient trials were done to find a stable labeled as truncation, the exact simulated sensor readings were rounded to the nearest integer without any noise; the errors are errors in Table VIK Thus merely *e quantization by *e ADC's leads to errors around 1% in the offsets and 0.3% in the gains. When only 2 poses were averaged, then increased variance in the noise rapidly led to increased errors. When 100 poses were averaged, the errors remained close to the truncation errors. REFERENCES Another reason is that the closed-loop procedure is more sensitive to noise than the open-loop procedure. In the simulations Of joint angles found from the jig poses have noise added to OPn-loop calibration would also degrade if only 2 poses are averaged. For 2-pose averaging, the errors appear to be dominated by truncation plus Output noise in the joint less sensitive to larger variance noise in the potentiometer readings. With this sufficient averaging, which gives results close to the truncation error, the open-loop method is about 2-3 times more accurate than the closed-loop method (for a reasonable assumption about the fixture's accuracy). Boulet [6] applied the closed-loop approach to a simple double-loop mechanism for parallel actuation of a revolute joint, and also noticed a problem with noise sensitivity. A more complete characterization of the robustness properties of the closedloop approach will be required to explain the sensitivity to pose selection and noise [l], [5] , and will be a topic for future research.
The proposed method is related to the use of the ball bar can be considered to be connected by two spherical joints at a fixed distance. The difference from Driels (1993) is then that there are thee "ball bars" in two kinematic loops instead of one. It is possible to each loop separately as in Driels (19931, but it was found for our data that the nonlinear optimizations did not converge to the correct answer. wen the pairwise distance constraints were used together, inconc~usive about explaining the convergence problem, since for some pose sets calibrating just a single loop at a time converged well. In principle, it should be better to calibrate the loops simultaneously to take into account loop interaction, but he issue requires further study. 
